The χ b1 (3P) and χ b2 (3P) states are observed through their Υ(3S) γ decays, using an event sample of proton-proton collisions collected by the CMS experiment at the CERN LHC. The data were collected at a center-of-mass energy of 13 TeV and correspond to an integrated luminosity of 80.0 fb −1 . The Υ(3S) mesons are identified through their dimuon decay channel, while the low-energy photons are detected after converting to e + e − pairs in the silicon tracker, leading to a χ b (3P) mass resolution of 2.2 MeV. This is the first time that the J = 1 and 2 states are well resolved and their masses individually measured: 10 513.42 ± 0.41 (stat) ± 0.18 (syst) MeV and 10 524.02 ± 0.57 (stat) ± 0.18 (syst) MeV; they are determined with respect to the world-average value of the Υ(3S) mass, which has an uncertainty of 0.5 MeV. The mass splitting is measured to be 10.60 ± 0.64 (stat) ± 0.17 (syst) MeV. Although quantum chromodynamics (QCD) is well established as the theory of the strong interaction, a complete understanding of the (nonperturbative) processes that lead to the binding of quarks and gluons into hadrons is still lacking [1] [2] [3] . The bottomonium family, comprised of beauty quark-antiquark bound states, bb, plays a special role in understanding how the strong force binds quarks into hadrons because the large quark mass allows two important theoretical simplifications. First, the hard-scattering production of a proto-quarkonium quark-antiquark pair can be described in perturbation theory [4] [5] [6] . Second, the binding of the quark-antiquark pair can be described in terms of lattice-calculable nonrelativistic potentials [7] [8] [9] . Particularly stringent tests of current theories of quarkonium production can be achieved by examining the individual spin states of the quarkonium multiplets [10] [11][12][13][14].
The χ b (3P), observed at a mass of 10.5 GeV by the ATLAS, D0, and LHCb Collaborations [15] [16] [17] [18] , is especially interesting given that its properties could be affected by the proximity of the open-beauty (BB) threshold. Measurements of the masses of the χ bJ (3P) triplet states, with total angular momentum J = 0, 1, and 2, probe details of the bb interaction and test theoretical treatments of the influence of open-beauty states on the bottomonium spectrum. These measurements may also help clarify the nature of several unexpected charmonium-like states, including the enigmatic X(3872) [19] . Contending interpretations include the possibility that it is a mixture of a χ c1 (2P) state and a DD * molecule or a compact tetraquark [20] [21] [22] or that it is the χ c1 (2P), modified by strong-interaction effects associated with the coincident DD * threshold [23] . The bottomonium analogues of the χ c1 (2P) and X(3872) states would be the (bb) χ b1 (3P) state and a possible X b state at the BB * threshold. Confirming that the χ b1 (3P) is well below the open-beauty threshold would suggest differences with the charmonium system, where the χ c1 (2P) state is expected approximately 100 MeV above the DD threshold [24] . Among various possibilities, the 10.5 GeV peak could be the X b or a mixture of the χ b1 (3P) and the X b [25] ; it could also simply be the conventional (unresolved) χ b (3P), in which case an hypothetical X b might exist with a mass close to the BB * threshold. The observation of a doublet structure in the 10.5 GeV peak and a precise measurement of the mass splitting should confirm the nature of the state and clarify the existence or absence of effects induced by the nearby open-beauty threshold.
This Letter reports the first observation of resolved χ b1 (3P) and χ b2 (3P) states, and the measurement of their masses. The analysis uses the Υ(3S) γ decay channel, with the Υ(3S) decaying to a dimuon and the photon converting into an e + e − pair. It is based on pp data samples collected at the CERN LHC by the CMS experiment, at a center-of-mass energy of 13 TeV, in 2015, 2016, and 2017, corresponding to integrated luminosities of 2.7, 35.2, and 42.1 fb −1 , respectively [26] [27] [28] . As happens in the χ c , χ b (1P), and χ b (2P) cases, the J = 0 state of the χ b (3P) multiplet is expected to have a negligible radiative-decay branching fraction and not be observable in the present data sample.
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. [29] .
The data used in this analysis were collected using a two-level trigger system [30] . The first level consists of custom hardware processors and uses information from the muon system to select events with two muons. The high-level trigger requires an opposite-sign muon pair of invariant mass within 8.5-11.5 GeV, a dimuon vertex fit χ 2 probability larger than 0.5%, and a distance of closest approach between the two muons smaller than 0.5 cm. The trigger also requires dimuon transverse momentum p T > 7.9 GeV (2015-2016) or 11.9 GeV (2017), and dimuon rapidity |y| < 1.25 (2015-2016) or |y| < 1.5 (2017). The analysis uses photons detected through their conversions to e + e − pairs, following the data reconstruction and selection procedures used in Refs. [31, 32] .
The muon track must have more than five hits in the tracker, at least one of them being in a pixel detector layer. The muons selected offline must match, in pseudorapidity and azimuthal angle, those that triggered the detector readout. They are combined to form Υ candidates, which are kept for further processing if |y| < 1.2 and p T > 14 GeV. The selected dimuon sample contains about 10 million Υ(1S), 3.9 million Υ(2S), and 2.6 million Υ(3S). Figure 1 shows the invariant mass distributions of the selected dimuons, in two halves of the covered rapidity range. Fitting such distributions in fine |y| bins reveals that the dimuon mass resolution σ m varies quadratically from 60 MeV at y = 0 to 120 MeV at |y| = 1.2. The background in the mass distribution of the χ b (3P) candidates is reduced by selecting dimuons with invariant mass between M(Υ(3S)) − n σ σ m (y) and M(Υ(3S)) + 2.5 σ m (y), where M(Υ(3S)) is the world-average Υ(3S) mass [33] . The low-mass edge of the Υ(3S) signal window is defined by n σ = 2 for |y| < 0.9 and n σ = 1.5 for 0.9 < |y| < 1.2, to minimize the contamination from the Υ(2S) resonance. Photon candidates are formed from two oppositely-charged tracks, of which one has at least four tracker hits and the other at least three. The tracks must have a small angular separation, a small distance of closest approach, a conversion vertex at least 1.5 cm away from the beam axis, and a χ 2 probability of the kinematic fit imposing zero mass and a common vertex that exceeds 0.05%. A more detailed account of the selection criteria is given in Ref. [32] . Only photons with pseudorapidity |η| < 1.2 and p T > 500 MeV are kept.
The dimuon is combined with the converted photon to form the χ b (3P) candidate. A kinematic fit of the dimuon-photon system is performed with the following conditions: the mass of the dimuon is fixed to the Υ(3S) world-average mass, 10.3552 GeV [33] ; the electron-positron pair is constrained to have a common vertex and zero mass; and the two muons and the photon are constrained to have a common vertex. The χ b (3P) candidate is kept if the χ 2 probability of the kinematic fit exceeds 1%. Two or more candidates are found in about 1% of the events; only the one with the best fit is retained.
To accurately measure the invariant mass of the χ b (3P) candidate, the photon energy scale (PES) must be calibrated. The PES, defined as the ratio between the reconstructed and true energy, is measured using a sample of
, where m µµγ and m µµ are the µµγ and µµ invariant masses, and M(χ c1 ) and M(J/ψ) are the world-average masses [33] of the χ c1 and J/ψ states. The values are obtained in several bins of photon energy, profiting from a large J/ψ → µµ data sample collected in the same running periods as the Υ → µµ data. The energy spectrum of the χ c1 → J/ψ γ photons covers the range relevant for the Υ γ analysis. The PES values, shown in Fig. 2 as a function of the measured photon energy, E γ , are parametrized with the function p 0 + p 1 exp(−E γ /p 2 ), where p 0 , p 1 , and p 2 are free parameters in the fit. The resulting function is then used for the event-by-event correction of the photon energy in the computation of the Υ γ invariant mass. The Υ(1S) γ and Υ(2S) γ events are selected with the same criteria as used for the Υ(3S) γ events, except that the dimuon invariant mass is required to be between M(Υ(1S)) − 2.5 σ m (y) and M(Υ(1S)) + 2 σ m (y) and within M(Υ(2S)) ± 2 σ m (y), respectively.
The prominent χ b (1P) and χ b (2P) peaks seen in the Υ(1S) γ and Υ(2S) γ distributions in Fig. 3 are fit using a procedure analogous to the one described in the next paragraph. The resulting χ b1 (1P) and χ b1 (2P) masses are in agreement with the world-average values [33] , as shown in the inset, confirming the validity of the PES correction function. 10.4 GeV. The χ b1 (3P) and χ b2 (3P) signal peaks are modeled with a double-sided Crystal Ball function [34] , which complements a Gaussian core with low-and high-mass power-law tails, defined by the transition points (α L,H ) and the power-law exponents (n L,H ). The tails of the signal functions, identical for both peaks, are defined by the parameters n L = 3 and α L = 0.6, for the low-mass tail, and by n H = 2 and α H = 1.4, for the high-mass tail. These values reflect studies of simulated distributions, generated with PYTHIA 8.230 [35] , complemented by EVT-GEN 1.6.0 [36] to simulate the quarkonium decays and by PHOTOS 3.61 [37] for the modeling of final-state radiation. The generated events undergo a full simulation of the detector response, according to the implementation of the CMS detector within GEANT4 [38] ; the samples include multiple pp interactions in the same or nearby beam crossings. The simulation studies show that the resolution of the Υ γ mass measurement is linearly proportional to the difference between the mass of the parent P-wave state and the mass of the daughter S-wave state, so that one can impose a linear relationship between the Gaussian widths of the two signal shapes:
. This relation assumes that the natural widths of the resonances are negligible with respect to the instrumental resolution. Fitting without this constraint gives a σ 2 /σ 1 ratio in agreement with the assumption, albeit with a large uncertainty.
The fitted number of signal events is 372 ± 36 and the fit χ 2 is 46, for 57 degrees of freedom. The masses of the two resonances are measured to be 10 513.42 ± 0.41 and 10 524.02 ± 0.57 MeV, where the uncertainties are statistical only. The corresponding mass difference is ∆M = 10.60 ± 0.64 MeV. The mass resolution of the low-mass peak is 2.18 ± 0.32 MeV, which agrees with the expectations from simulation studies. The corresponding resolutions in the Υ(1S) γ and Υ(2S) γ mass distributions are 7 and 15 MeV, respectively, justifying why only the Υ(3S) γ distribution is used in this analysis. The local significance of the double-peak structure was evaluated for several fixed values of ∆M using a likelihood ratio of two hypotheses, one of them fixing the yield of the second peak to zero: it exceeds nine standard deviations in the range 9 < ∆M < 12 MeV.
The mass measurements are expected to be essentially insensitive to the event selection criteria. The analysis was repeated splitting the data sample into subsamples, using different dimuon rapidity or p T ranges, or different data collection periods. The results are also consistent when the photon p T thresholds are varied between 400 and 600 MeV, the dimuon p T thresholds are varied between 12 and 16 GeV, a broader Υ(3S) mass window is used, M(Υ(3S)) ± 2.5 σ m (y), and the minimum dimuon-photon 4-track vertex-fit χ 2 probability is increased to 1.5%. Given the absence of significant changes in the results, the systematic uncertainty related to the selection criteria is considered negligible. There is also no significant change in the results if the σ 2 /σ 1 ratio is left free in the fit.
A systematic uncertainty is assigned to account for the fact that the parameters α L , α H , and q 0 are fixed in the signal and background fit models. The measured mass distribution was refitted 1000 times, each time with different values of those parameters, randomly generated according to Gaussian distributions with nominal mean values and standard deviations reflecting their (correlated) uncertainties. The α L and α H uncertainties are evaluated as the difference between the fitted values from the measured and simulated χ b1 (1P) peaks in the Υ(1S) γ mass distribution, while the q 0 uncertainty is evaluated from a fit to the data leaving q 0 as a free parameter. The rms of the distribution of the 1000 fit results is taken as the corresponding uncertainty. The choice of the analytical function describing the background shape induces a systematic uncertainty that is evaluated by redoing the fit with two alternative options: a power-law function, (m − q 0 ) λ with q 0 fixed to 10.4 GeV, and a Chebychev polynomial of second order. The total fit-model systematic uncertainty is 0.05 MeV, both in the mass and mass difference measurements.
The uncertainty in the final results reflecting the precision of the PES correction function is evaluated with pseudo-experiments, randomly generating 400 correction functions by drawing new values for its parameters from suitable Gaussian functions, respecting the correspond-ing covariance matrix to account for the correlations among the parameters. The uncertainty associated with the choice of a specific function to fit the photon energy dependence of the PES is evaluated by using a constant correction factor, taken as the average correction in the range (E γ < 2 GeV) relevant for the photons emitted in the χ b (3P) → Υ(3S) γ decays. The systematic uncertainty reflecting the PES correction is 0.16 MeV for ∆M and 0.17 MeV for M(χ bJ (3P)).
The total systematic uncertainties are obtained by adding the individual terms in quadrature. The invariant mass of the χ b candidates is determined by fixing the dimuon mass to the worldaverage Υ(3S) mass [33] , presently affected by an uncertainty of 0.5 MeV. The ∆M measurement is insensitive to this uncertainty. The mass difference between the two states is measured to be ∆M = 10.60 ± 0.64 (stat) ± 0.17 (syst) MeV, while the two masses are determined to be 10 513.42 ± 0.41 (stat) ± 0.18 (syst) and 10 524.02 ± 0.57 (stat) ± 0.18 (syst) MeV.
These values can be compared to the predictions of theoretical calculations [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Out of 20 ∆M predictions, 19 range from 8 to 18 MeV, mostly depending on the potentials describing the bb nonperturbative interaction. The only exception gives M(χ b2 (3P)) − M(χ b1 (3P)) = −2 MeV, the negative sign reflecting the coupling with the open-beauty threshold, whose proximity could have a striking influence on the χ bJ (3P) splitting [45, 46] . The measurement reported in this Letter shows that the mass gap between the J = 1 and 2 states is significantly larger than 2 MeV, an observation that strongly disfavours the breaking of the conventional pattern of splittings as presented in that specific calculation and supports the standard mass hierarchy, where the J = 2 state is heavier than the J = 1 state. It is also worth noting that the measured ∆M agrees with the value of 10.5 MeV that was assumed in Ref. [18] . [26] CMS Collaboration, "CMS luminosity measurement for the 2015 data-taking period", CMS Physics Analysis Summary CMS-PAS-LUM-15-001, 2017.
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